Proton-neutron quasi-particle random phase approximation (pn-QRPA) theory has recently being used for calculation of stellar weak interaction rates of f p-shell nuclide with success. Neutrino losses from proto-neutron stars play a pivotal role to decide if these stars would be crushed into black holes or explode as supernovae. The product of abundance and positron capture rates on 55 Co is substantial and as such can play a role in fine tuning of input parameters of simulation codes specially in the presupernova evolution. Recently we introduced our calculation of capture rates on 55 Co, in a luxurious model space of 7 ω, employing the pn-QRPA theory with a separable interaction. Simulators, however, may require these rates on a fine scale. Here we present for the first time an expanded calculation of the neutrino energy loss rates and positron capture rates on 55 Co on an extensive temperature-density scale. These type of scale is appropriate for interpolation purposes and of greater utility for simulation codes. The pn-QRPA calculated neutrino energy loss rates are enhanced roughly up to two orders of magnitude compared with the large-scale shell model calculations and favor a lower entropy for the core of massive stars.
not allow for detailed nuclear spectroscopy. Nabi and Klapdor [15] calculated weak interaction rates for 709 nuclei with A = 18 to 100 in stellar matter using the pn-QRPA theory. These included capture rates, decay rates, neutrino energy loss rates, probabilities of beta-delayed particle emissions and energy rate of these particle emissions. Since then these calculations were further refined with use of more efficient algorithms, incorporation of latest data from mass compilations and experimental values, and fine-tuning of model parameters [16, 17, 18, 19] . 55 Co is abundant in the presupernova conditions and is thought to contribute effectively in the dynamics of presupernova evolution. Aufderheide and collaborators [11] placed 55 Co among the list of top ten most important capture nuclei during the presupernova evolution. Later Heger et al. [20] also identified 55 Co as the most important nuclide for capture purposes for massive stars (25M ⊙ ). Realizing the importance of 55 Co in astrophysical environments, Nabi, Rahman and Sajjad [21] reported the calculation of electron and positron capture rates on 55 Co using the pn-QRPA theory (see also Ref. [22] ). However there was a need to perform a fine calculation of these important capture rates on a detailed temperature-density grid suitable for collapse simulation codes (see, for example, Ref. [18, 23] ).
Due to the extreme conditions prevailing in these scenarios, interpolation of calculated rates within large intervals of temperature-density points posed some uncertainty in the values of capture rates for collapse simulators. Further, as mentioned above, the neutrino energy loss rates needed to be included in these expanded calculations on a detailed stellar temperature-density grid to make them more useful in simulation codes.
In this paper we present for the first time an expanded calculation of (anti)neutrino energy loss rates and positron capture rates on 55 Co at fine intervals of temperature-density intervals. Section II deals with the formalism of our calculation. Due to existing physical situation and lack of experimental data the uncertainties present in stellar rate calculations are considerable. We discuss the uncertainties of the pn-QRPA model in Section III. In Section IV we will be presenting some of our results. Comparisons with earlier calculations are also included in this section. We finally will be concluding in Section V and at the end Table V presents our expanded calculation of (anti)neutrino energy loss rates and positron capture rates on 55 Co.
II. THE QUASI-PARTICLE RANDOM PHASE APPROXIMATION WITH A SEPARABLE INTERACTION
The QRPA theory is an efficient way to generate GT strength distributions. These strength distributions constitute a primary and non-trivial contribution to the calculation of positron capture and neutrino energy loss rates. Kar et al. [24] pointed out that the quasiparticle random phase approximation (QRPA) method is quite successful in predicting the weak interaction rates of ground states all over the periodic table and also stressed the need to extend these methods to non-zero temperature domains relevant to presupernova and supernova conditions. QRPA is also the method of choice in dealing heavy nuclei [25] . The QRPA theory considers the residual correlations among the nucleons via one particle one hole (1p-1h) excitations in a large model space. Nabi and Klapdor [15] extended the QRPA model to configurations more complex than 1p-1h.
We used the pn-QRPA theory to calculate the GT strength functions and the associated capture and neutrino energy loss rates for 55 Co. The reliability of the pn-QRPA calculations was discussed in detail by Nabi and Klapdor [13] . There the authors compared the measured data (half lives and B(GT) strength) of thousands of nuclide with the pn-QRPA calculations and got fairly good comparison. We incorporated experimental data wherever available to further strengthen the reliability of our calculated rates. The calculated excitation energies (along with their log ft values) were replaced with the experimental ones when they were within 0.5 MeV of each other. Missing measured states were inserted and inverse and mirror transitions were also taken into account. We did not replace the theoretical levels with the experimental ones beyond the excitation energy for which experimental compilations had no definite spin and/or parity assignment (2.98 MeV in case of 55 Co). The pn-QRPA theory was used with a separable interaction which granted us the liberty of performing the calculations in a much larger single-particle basis than a general interaction. We performed the pn-QRPA calculations using a model space of seven major harmonic oscillator shells (7 ω). The Hamiltonian for our calculations was of the form
here H sp is the single-particle Hamiltonian, V pair is the pairing force, V depend only weakly on the values of the pairing gaps [29] . Thus, the traditional choice of
was applied in the present work. The deformation parameter for 55 Co, δ, was taken to be 0.06, according to Möller and Nix [30] . (See also the discussion on choice of deformation parameter in Ref. [19] .) Q-values were taken from the recent mass compilation of Audi et al. [31] .
The positron capture rates of a transition from the ith state of the parent to the jth state of the daughter nucleus is given by
We took the value of D=6295s [32] and the ratio of the axial vector to the vector coupling constant as -1.254 [33] .
B
′ ij s are the sum of reduced transition probabilities of the Fermi B(F) and GT transitions B(GT). Details of these reduced transition probabilities can be found in Ref. [13, 17] . The phase space integral f ij is an integral over total energy and for positron capture it is given by
In above equation w is the total energy of the electron including its rest mass, w l is the total capture threshold energy (rest+kinetic) for positron capture. F(-Z,w) are the Fermi functions and were calculated according to the procedure adopted by Gove and Martin [34] . G + is the Fermi-Dirac distribution function for positrons.
here E = (w − 1) is the kinetic energy of the positrons, E f is the Fermi energy of the positrons, T is the temperature, and k is the Boltzmann constant.
The number density of electrons associated with protons and nuclei is ρY e N A (ρ is the baryon density, Y e is lepton to baryon ratio, and N A is Avogadro's number)
here p = (w 2 − 1) 1/2 is the positron momentum and Eqt. (5) has the units of mol cm −3 . G − is the Fermi-Dirac distribution function for electrons.
Eqt.5 was used for an iterative calculation of Fermi energies for selected values of Y e and T. There is a finite probability of occupation of parent excited states in the stellar environment as result of the high temperature prevailing in the interior of massive stars. Weak interactions then also have a finite contribution from these excited states. The total positron capture rate per unit time per nucleus is given by
The summation over all initial and final states was carried out until satisfactory convergence in the rate calculations was achieved. Here P i is the probability of occupation of parent excited states and follows the normal Boltzmann distribution.
The neutrino energy loss rates can occur through four different weak-interaction mediated channels: electron and positron emissions, and, continuum electron and positron captures. The neutrino energy loss rates were calculated using the same formalism described above except that the phase space integral was replaced by
and by
For the decay channel Eqt. 8 was used for the calculation of phase space integrals. Upper signs were used for the case of electron emissions and lower signs for the case of positron emissions. Regarding the capture channels, Eqt. 9 was used for the calculation of phase space integrals keeping upper signs for continuum electron captures and lower signs for continuum positron captures.
The total neutrino energy loss rate per unit time per nucleus is given by
where λ ν ij is the sum of the electron capture and positron decay rates for the transition i → j.
On the other hand the total antineutrino energy loss rate per unit time per nucleus is given by
where λν ij is the sum of the positron capture and electron decay rates for the transition i → j.
III. UNCERTAINTIES OF THE PN-QRPA MODEL
The uncertainties involved in stellar rate calculations are considerable. The prevailing extreme physical conditions and model parameters invoke uncertainties in the calculation. Lack of experimental data in this scenario deteriorates the situation. The "electron capture direction" can be explored experimentally by (n,p) experiments whereas the "beta minus decay direction" can be explored by the (p,n) reactions. There are a handful of other experiments which have been used by many theorists to shape the centroid and width of the GT strength. However these experimental data are not enough to completely explore the domain of nuclei which are interesting from astrophysical viewpoint. There is no experimental data concerning GT strength distribution from parent excited states. In the stellar environment, at high temperatures and densities, there is a finite probability of occupation of parent excited states and transitions from these excited states are sometimes many orders of magnitude higher than transitions from ground states [19] .
The weak interaction rates are calculated using
Here i represents the parent excited states and j the daughter's. The first factor is a constant and the second are phase space integrals which can be calculated relatively accurate. It is the third factor (the reduced transition probabilities)
which contains interesting nuclear physics and incorporates uncertainties in the model. Again the reduced transition probabilities is a sum of Fermi and GT component (see Eqt. 2). Whereas the calculation of Fermi transition is rather straightforward it is precisely the calculation of the excited states and reduced transition probabilities of the GT transitions which is the main cause of uncertainty of the underlying model. The pn-QRPA model constructs parent and daughter excited states and also calculates GT strength distribution among these states in a microscopic fashion.
In other words the Brink's hypothesis is not employed in this calculation which increases the reliability of the pn-QRPA calculations (Brink's hypothesis states that GT strength distribution on excited states is identical to that from ground state, shifted only by the excitation energy of the state). As mentioned above there are still uncertainties present due to the parameters of the model. Roughly, the parameters of the pn-QRPA model can be divided into two different groups:
(i) "internal" parameters of the model which are by some means adjustable (the pairing gaps and the GT strength parameters) and (ii) "external" parameters for which input from other sources like mass formulae (or experimental data, if available) is necessary (these include single particle energies and wavefunctions, deformations, Q values and neutron/proton separation energies). Whereas "internal" parameters are of minor importance the uncertainty in the "external" parameters must be viewed as the limiting factor for the calculation of weak interaction rates of unstable nuclide. The values taken for these parameters and their optimal selection procedure were highlighted in the previous section. In order to further increase the reliability of the calculated rates experimental data were incorporated into the model as also discussed in the previous section.
We, however, do have a reasonable amount of experimental data on measured half-lives and as such the pn-QRPA theory was tested to check the accuracy of the model against the experimentally known half-lives using the same set of parameters. The check was performed in both "beta minus decay" and "electron capture" directions.
In Tables (I) and (II), N denotes the number of experimentally known half-lives shorter than the limit in the second column, n is the number (and percentage) of isotopes reproduced under the condition given in the first column, and
x is the average deviation defined byx
where
is the calculated half-life using the pn-QRPA model and T increasing distance from stability. This is in agreement with the expectation, since forbidden transitions is neglected in the calculation. This is also a promising feature with respect to the prediction of unknown half-lives (specially for unstable isotopes), implying that the predictions are made on the basis of a realistic physical model (see also Table I and Table J of Ref. [13] for predictive power of pn-QRPA in "electron capture" direction, and Table K of Ref. [13] for the predictive power of the model in the "beta minus decay" direction).
IV. RESULTS AND COMPARISON
At temperatures pertinent to supernova environment we have a finite probability of occupation of excited states and a microscopic calculation of rates from these excited states is desirable. Earlier, Nabi and Sajjad [19] The GT strength distribution (GT ± ) from ground state and first two excited states of 55 Co was presented earlier [21] . We calculated the position of our GT − (in this direction a neutron is changed into a proton) centroid around Recently, we presented the extensive calculation of electron capture rates on 55 Co on a fine temperature-density scale where we also discussed our results in detail [23] . Here we would like to present a similar calculation for the positron capture and the associated (anti)neutrino energy loss rates due to weak-interaction mediated reactions in the core of massive stars. one another. This means that there is no appreciable change in the rates when increasing the density by an order of magnitude. We also observe that the positron capture rates are almost the same for the densities in the range (10 − 10 6 )g/cm 3 . However as we go from the medium high density region to high density region these rates start to 'peel off' from one another. Orders of magnitude difference in rates are observed (as a function of density) in high density regions. When the densities increase beyond the above stated range a decline in the positron capture rate starts. For a given density the rates increase monotonically with increasing temperatures. Fig.2 and Fig.3 depict our calculated neutrino and antineutrino energy loss rates due to 55 Co. It is pertinent to mention again that the neutrino energy loss rates (depicted in Fig.2 ) contain contributions due to electron capture and positron decay on 55 Co whereas the antineutrino energy loss rates (Fig.3) are calculated due to contributions from positron capture and electron decay on 55 Co. The energy loss rates are given in logarithmic scales (in units of M eV.s −1 ). The figures again consist of four panels depicting the low, medium-low, medium-high and high density domains for the core of a massive star. We note the similarity between the positron capture rates (Fig.1 ) and the antineutrino energy loss rates (Fig.3) . The later are slightly enhanced at the corresponding temperature and density.
On the other hand the neutrino energy loss rates exhibit an entirely different pattern. We note that the neutrino energy loss rates are orders of magnitude greater than the corresponding antineutrino energy loss rates. This is an expected result (the Q-value of 55 Co for electron capture/positron decay is 3.452 MeV whereas the Q-value of 55 Co in the other direction is -8.692 MeV [31] ).
The comparison of electron and positron capture rates on 55 Co with earlier calculations were presented in Ref. [21] .
Here we present a comparison of the energy loss rates with the earlier calculations. Fig.4 presents a comparison of our calculated neutrino energy loss rates compared with large-scale shell model [12] and FFN [10] calculations.
The comparison is presented at densities (10 3 , 10 7 , 10 11 )g.cm −3 . Compared to large-scale shell model results, our calculations lead to a larger energy being carried away by the neutrinos and hence favor cooler cores. We note that our corresponding numbers are roughly as big as two orders of magnitude (at presupernova temperature and density region). In high temperature and density regions our calculated neutrino energy loss rates are in good comparison with those of large-scale shell model. As far as comparison with the pioneering work of FFN is concerned, we note that again our rates are enhanced at presupernova temperature-density domain. However at large stellar temperatures and densities, FFN neutrino energy loss rates surpass our rates. There are two main reasons for this enhancement of FFN rates. Firstly, FFN placed the centroid of the GT strength at too low excitation energies in their compilation of weak rates for odd-A and odd-odd nuclei [35] . Secondly, FFN threshold parent excitation energies were not constrained and extended well beyond the particle decay channel. At high temperatures contributions from these high excitation energies begin to show their cumulative effect. Simulators should take note of our enhanced neutrino energy loss rates at the lower temperatures and densities characteristic of the hydrostatic phases of stellar evolution which may affect the temperature and the corresponding lepton-to baryon ratio which becomes very important going into stellar collapse.
The story is different for the comparison of antineutrino energy loss rates (Fig.5) . We finally present our calculated positron capture rates, neutrino and antineutrino energy loss rates on a detailed temperature-density grid in Table V . Here Column 1 shows the density in logarithmic scales (in units of gcm were not presented on a detail temperature-density grid and at times could lead to erroneous results when interpolated. We hope that this table will prove more useful for core-collapse simulators.
V. CONCLUSIONS
55 Co is advocated to play a key role amongst the iron-regime nuclide controlling the dynamics of presupernova evolution of massive stars. The capture rates and (anti)neutrino energy loss rates on 55 Co are used as nuclear physics input parameter for multi-dimensional simulations. Reliable and detailed calculations of these weak-interaction mediated rates are desirable for these codes. These parameters may fine tune the final outcome of the neutrino transport included multi-dimensional models.
Here we present, for the first time, an extensive calculation of stellar positron capture rates and the (anti)neutrino loss rates for 55 Co on a fine temperature-density scale suitable for simulation codes. According to authors in Ref.
[11] and Ref. [20] , 55 Co is a very important nucleus controlling the events during the pre-collapse phase of iron cores of massive stars. The calculated neutrino energy loss rates are around two orders of magnitude enhanced as compared to large-scale shell model calculations during the hydrostatic phases of stellar evolution. This may affect the temperature, entropy and the lepton-to-baryon ratio which becomes very important going into stellar collapse.
We will urge simulators to test run our reported weak interaction rates presented here to check for some interesting outcome. We are currently in a phase of extending the present work for other nuclide of astrophysical importance and hope to report on the outcome of these calculations in near future.
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Table (I):
The accuracy of the pn-QRPA model compared to experimental data (β + /EC, taken from Ref. [27] ). N denotes the number of experimentally known half-lives shorter than the limit in the second column, n is the number (and percentage) of isotopes reproduced under the condition given in the first column, andx is the average deviation defined in the text.
Conditions T Table ( II): The accuracy of the pn-QRPA model compared to experimental data (β − , taken from Ref. [26] ). N denotes the number of experimentally known half-lives shorter than the limit in the second column, n is the number (and percentage) of isotopes reproduced under the condition given in the first column, andx is the average deviation defined in the text.
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